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Abstract 

We calculate the one- loop corrections to top pair(tt) production at the Large Hadron Col- 
Cll lider(LHC) for ^ = 8 TeV and 14 TeV in the context of the Littlest Higgs model with T- 

parity(LHT). We find that the relative corrections to it cross section can maximally reach 4.5% 
for y/s = 8 TeV in the favorable parameter space. We also study other observables in tt produc- 
tion, such as top charge asymmetry, spin correlation and polarization asymmetry. We note that 
the spin correlation is sensitive to the loop corrections from LHT model, and can be optimally 
reduced by -14.5% for = 8 TeV. 
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I. INTRODUCTION 



Due to a heavy mass, top quark has been widely considered as a window of unveihng 
the new physics at TeV-scale. In particularly, the recent anomalous top quark forward- 
backward asymmetry observed at^he Tevatron [l| may be a strong hint of new physics 



beyond the Standard Model(SM) {2], although many measurements from the Tevatron are 
consistent with the SM predictions. Besides, because of the small statistics, the study of 
top-quark properties is limited at the Tevatron. As a new generation of top quark factory, 
the LHC will copiously generate the top events via top pair productions and single top 
productions, which provides a good opportunity to precisely test the top quark properties 
and to search the new physics signals 3j . 

Notwithstanding the SM have been confirmed by various experiments from the LEP 
to LHC, it still has some drawbacks, such as the hierarchy problem. In order to solve this 
problem, the little Higgs model was proposed which is done by making the Higgs as 
a pseudo-Goldstone boson. The littlest Higgs (LH) modelfl is an economical approach 
which implements the idea of the little Higgs, however, this model suffers strong con- 



straints from electro- weak precision tests jsjand will reintroduce the fine-tuning problem 
in the Higgs potential^]. A feasiHe way to overcome these difficulties is to impose a 



discrete symmetry called T-parityjs], which prevents the tree-level contribution from the 
heavy gauge bosons to the electro-weak observables. The T-parity also forbids the inter- 
actions that induce the triplet scalars to develop the VEV in the LH model. This resulting 
model is referred to as the littlest Higgs model with T-parity (LHT). One aspect of the 
LHT phenomenology in top-quark sector is that the top quark can have interactions with 
the LHT particles, such as heavy gauge bosons, mirror fermions, and heavy quarks T^. 
These new interactions can contribute to the ti production at the loop level. 

So far, the new particle beyond the SM has not been discovered at the LHC, so the 
scale of the new physics has to be high. In this case, study of new particle at the loop 
level is becoming increasingly important. Furthermore, since the produced top quarks 
decay before the hadronization, the spin information of top quarks will be inherited and 
manifested by its decay daughters. Therefore, spin polarization and spin correlation of 
top quark can be used to probe the mechanisms of top quarks productions and decays 9j , 
and serve as a probe to new physics 10|]. In this paper, we study the LHT corrections to 



the process pp tt at the LHC with = 8 TeV and 14 TeV. 

This paper is organized as follows. In Sec.II we give a brief review of the LHT model 
related to our work. In Sec. Ill we calculate the (un)polarized tt production and the 
correlation of the observables in the LHT model. Finally, we give our conclusions in 
Sec.IV. 



II. A BRIEF REVIEW OF THE LHT MODEL 



The LHT is a non-linear a model based on the coset space SU{5)/SO{5), with the 
global group SU{5) being spontaneously broken into SO{5) by a 5 x 5 symmetric tensor 
at the scale / ~ 0{TeV), the gauged subgroup [SU{2) x U{1)]^ of SU{5) is broken into 
the SM gauge group SU{2)l x U{1)y- From the SU{5)/ S0{5) breaking, there arise 14 
Goldstone bosons which transform under the electroweak gauge group as follows: 
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where the subscripts indicate the hypercharges. We can denote the fields in these four 

representations as rj, u, H and 0, respectively. After EWSB, H can be decomposed as 
H = (— ivr+v^, {v + h + m^)/2)^ . Explicitly, they are described by the "pion" matrix H, 
given by 
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Where co , to , rj are eaten respectively by 4 new heavy gauge bosons Wjj, Zh, Ah whose 
masses up to 0{v^ j p') are given by 
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Mz,^gf{l-—,),MA, 



(3) 



with g and g' being the SM SU (2) and U{1) gauge couplings, respectively. In the 't Hooft- 
Feynman gauge, the would-be Goldstone-Boson mass is the same as its corresponding 
gauge boson. 
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When T-parity is implemented in the fermion sector of the model we require the 
existence of mirror partners for each of the original fermions. For each SM quark, a copy 
of mirror quark with T-odd quantum number is added. We denote them by u^^j, d^^j, where 
i= 1, 2, 3 are the generation index, whose masses up to 0{v'^ / p) are given by 

^2 

m^^ = V^Hif, m^^ = ma^{l - — ) (4) 

where the diagonalized Yukawa couplings of the mirror quarks. 

In order to cancel the one-loop quadratic divergent radiative corrections to Higgs mass 
parameter induced by top quark, an additional heavy T-even partner of the top quark T"*" 
is introduced. The implementation of T-parity then requires its own mirror quark T~, 
which is T-odd under T-parity. Their masses up to 0{v'^ / p) are given by 

= - / r + T2^\ - ^^(1 - ^^))] 

V ^xl{1 - xl) P 3 

rriT- = -^[1 + ^(^ - - xl))] (6) 

V ^/xl 3 2 

where x^, is the mixing parameter between the SM top-quark t and the new top-quark 
T+. 

In the LHT model, the flavor structure is richer than the one of the SM due to the 



presence of the mirror fermions and their weak interactions with the ordinary fermions 
The mirror quark sector exists two CKM-like unitary mixing matrices as follows: 

yuu^Vud (7) 
Note that Vuu and Vud are related through the SM CKM matrix: 

^Hu^Ud = VcKM- (8) 

These mirror mixing matrices are involved in the flavor changing interactions between 
the SM fermions and the mirror fermions which are mediated by the T-odd gauge bosons 
{W^, Zh, Ah) or T-odd Goldstone bosons(ci;^, 0;°, i]). One cannot completely turn off the 
new mixing effects except with a universally degenerate mass spectrum for the T-odd 
mirror fermions. The mixing matrix Vnd can be conveniently parameterized, we follow 



Ref. 



12] to parameterize Vud with three angles 9^2, ^23) ^13 and three phases 5^2, ^fs; "^is as 
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follows 

VHd — -Si2C23e - Ci2S23Si3e " 2a> C12C23 - S 2?,-^ l?,'^ " ^ "323^13*2 ^ 

^ sf2S23e*(^?2+^23) _ cf2C^3sf3e*^?3 -cf2S^3e*'^23 - sf2C23sf3e*(^i3-^?2) d^d^ ^ 
III. NUMERICAL RESULTS AND DISCUSSIONS 



In our calculation, we neglect the higher order couplings between the scalar triplet $ 
and top quark and the high order 0{v'^/ p) terms in the masses of new particles. In the 
't Hooft-Feynman gauge, we use the dimensional regularization scheme to regulate the 
ultraviolet divergences in the virtual corrections and adopt the on-shell renormalization 
scheme to remove them. The relevant Feynman diagrams for process gg — )■ ti and qq — )■ ti 
in the LHT are depicted in Fig.l. The black dot and grey ellipse appearing in Figs.l 
represent the renormalized vertexes F^^jf, F^gg and top quark self-energy at one-loop level 
respectively, whose diagrams are displayed in Fig. 2 and Fig. 3. We list the explicit ex- 
pressions of these amplitudes in Appendix. We analytically and numerically checked that 
the divergences in the renormalized vertex and propagator have been canceled. We also 
find that there are no divergences in the box diagrams. We use the parton distribution 



function CTEQIO 13| with renormalization scale and factorization scale = fip = ^t- 



The SM parameters input in our numerical calculations are taken as [I 

Gf = 1.16637 X 10"^ GeV"^ sin^ = 0.231, 

ae = 1/128, Mz^ = 91.2 GeV, mt = 172.9 GeV. (10) 

Recently the ATLAS and CMS experiments at the LHC have independently discovered 
a Higgs-like resonance with mass about 125 Gev[l5^, so we take mh = 125GeV in our 
numerical calculations. The relevant LHT parameters are the scale /, the mixing param- 
eter xl, the Yukawa couplings Ki and the parameters in the matrices Vh^,Vh^- For the 
mirror fermion masses, we get m„|^ = m^i^ at 0{v/f) and assume that the masses of the 
first two generations are degeneracy. 

^uIj = = ^djj = ^d% = Mi2, m^jj = mas^ = M3 (11) 
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FIG. 1: Feynman diagrams of the one-loop correction to the process pp — )• tt in the LHT model. 
The black dot and grey ellipse represent the renormalized vertexes F^^^, F^g^ and top quark 
self-energy respectively, whose diagrams are displayed in Fig. 2 and Fig. 3. 



For the matrices Vh^ and Vh^, we follow Ref.(l6| to choose the following scenario: Vh^ = 
1, Vh^ = VcKM- In this scenario, the contribution of the mirror quarks will come entirely 
from the third family ones and the additional heavy quarks T"*", T~ . In our calculations, we 
consider the constraints in Refs.(l7| and scan the parameter regions: / = 500 ~ 2000GeV, 
xl = 0.1 ~ 0.9, \/2Ki = 0.6 ~ 3. Since the new parity violating interactions between 
top quark and LHT particles can not only affect the ti production rate but also the spin 
polarization, we will discuss the LHT corrections to the (un)polarized top pair production 
by using the following observables and their correlations. 



(i) For the unpolarized tt production, we calculate the relative corrections for total tt 
production cross section((5a/a), charge asymmetry(74c)[22] at the LHC and the top 
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FIG. 2: The effective gtt,gqq vertex diagrams at one-loop level in the LHT model. 
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FIG. 3: The effective fermion propagator diagrams at one-loop level in the LHT model. 



quark forward-backward asymmetry (A^p) jl8| at the Tevatron. 



S(T/(T= , (12) 

O'SM 

_ a(A|r7,|>0)-a(A|r/,|<0) 
^ a(A|r/,|>0) + a(A|r^,|<0)' ^ ^ 

_ <^yt > 0) - (^{^vt < 0) .^^x 

a(Ayt>0) + (7(Ayt <0)' ^ ' 

where Ay^ (Ar^^) is the (pseudo) rapidity difference of the top and anti-top quark in 
the laboratory frame. The total cross section atot contains the contributions from 
both the SM tree-level and the interference between SM and the LHT model. 
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(ii) For the polarized tt production, we calculate the spin correlation((5C) js], the polar 
ization asymmetry(Pj) 19| and the left-right asjmmetTj{ALR) 19|. 



C = 

sc = 
Pt = 

Alr 



<yRR + 0"LL + (yRL + CFLR 
Ctot — CsM 
CsM 

(7RL + CrRR + CrLL + <^LR 
(^RL - (^LR 



O'RL + 0-LR 

Here, the subindices L(R) represent \eft{Xt(t) = —1/2) and right-handed(Ai(t) 
+1/2) top(antitop) quarks, respectively. 



(15) 
(16) 
(17) 
(18) 



A. Unpolarized top quark pair production 
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FIG. 4: The relative correction of the top-quark pair production cross section 5a /a as the 
function of f,XL for ^/s = 8 TeV and -y/i = 14 TeV, respectively. 



In Fig.4, we show the relative correction 6a /a versus / and xl at the LHC for ^/s = 
8, 14 TeV respectively. We can see that the maximal value of the relative correction 
to the ti cross section can reach 4.5% for ^/s = 8 TeV and 1.6% for ^/s = 14 TeV, 
respectively. Because the LHC is a proton-proton machine, about 90% of the top pair 
production rate will come from the gg initial state and the remaining 10% from qq. 
Moreover, we find the relative correction mainly comes from the process qq — )■ ti, which 
agrees with the results in Ref. |20|. With the center-of-mass energy y/s increasing, the 



production rate comes from the gg increases faster so that the relative correction Serf a 
for ^/s = 14 TeV is smaller than the one for ^/s = 8 TeV. With the scale / increasing, the 
relative correction display the random behaviour, which is mainly because of the Yukawa 
couplings such as u'^uj'^u^ : — [m„» Pl — 'fnui PR\{^Hu)ij ■ Due to M^^ and are both 
proportional to the scale /, so their effects will cancel each other out with the / changing. 
The relative correction 5a /a decrease with increasing, which indicates that the large 
relative correction comes from the region of small x^. The mixing parameter x^is closely 
related to the effects of the heavy top quark T"*" and T~ . When xl becomes small, the 
masses of T"*" and T~ will become heavy. Due to there are some terms in the amplitudes 
are proportional to the masses of and T~ even their multi-quadratic terms, which at 
this time will enhance the relative correction 5a /a. 
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FIG. 5: The top quark charge asymmetry Ac{tt) as the function of / for ^/s = 8 TeV and 
y/s = 14 TeV, respectively. 

In Fig. 5 we show the charge asymmetry Ac{ti) versus / for the LHC with ^/s = 8 A 



TeV, respectively. In our calculation, the SM prediction of Ac = 0.0115 ± 0.0006|21| 



has been included. In Fig. 5, we give the measurement of the charge asymmetry at the 



LHC 22[ and the la region. In two cases, we can see the charge asymmetry Ac{tt) in the 
LHT model is consistent with the measurement. 

In Fig. 6 we show the forward-backward asymmetry A^pp versus f,XL at the Teva- 
tron. According to the measurements at the Tevatron[23]|, there is still significant devia- 
tion between the measurements and the SM expectation, and disfavor exotic production 
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FIG. 6: The forward-backward asymmetry in rapidity Ap^ as the function of f,XL at the 
Tevatron. 



mechanisms with significant negative values 2J] . We can see A^p^ in the LHT is negative 



and very smalL So this result can not alleviate the discrepancy between the Tevatron 
experiment and the SM prediction, and it may give some constraints on the LHT model. 

B. Polarized top quark pair production 



(i) The correction to the spin correlation 




In Fig. 7 we show the relative correction to the spin correlation 6C versus /, 
for the LHC with y/s = 8, 14 TeV, respectively. Because of the reason similar to 
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the relative correction of the production cross section baja^ we can see bC do not 
decouple obviously with the scale / and the large effects come from the region of 
small x^. The maximum value of bC can reach —14.5% for a/s = 8 TeV and —7.5% 
for a/s = 14 TeV, which will be observable at the LHcj25|. Recently, in the helicity 
basis, the correlation coefficient bC is found to be 0.24 ± 0.02(stat.) ± 0.08(s?/st.) at 
the CMS detector of the LHC[26]. The measurements are found to be in agreement 
with the standard model predictions. So, we can see that the correlation coefficient 
bC will be a good probe for the LHT model at the LHC and may give strong 
constraints on this model. 



(ii) Top quark polarization asymmetry 
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FIG. 8: The top quark polarization asymmetry Pt as the function of xl^M^, for ^/s = 8 TeV 
and \/s = 14 TeV, respectively. 

In Fig. 8 we show the polarization asymmetry Pt versus /, xl for the LHC with 
^/s = 8, 14 TeV, respectively. The maximum value of Pt can respectively reach 
about —0.3% for y/s = 8 TeV and about —0.6% for y/s = 14 TeV, which is consistent 
with the measurement at the LHC 271]. From Fig.8, we can see the large effects come 
from the region of small / and large xl- Comparing with the results of ^/s = 8 
TeV, we can see that the Pt is enhanced greatly for y/s = 14 TeV. 

(iii) Top quark left-right asymmetry 

In Fig.9 we show the left-right asymmetry A^ji versus f,XL for the LHC with 
i/i = 8, 14 TeV, respectively. We can see that the behavior of Alr for y/s = 14 TeV 
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FIG. 9: The top quark left-right asymmetry Aj^ji as the function of f,XL for ^/s = 8 TeV and 
=14 TeV, respectively. 



is more noticeable than that for ^/s = 8 TeV. The maximum value of A^ji can reach 
about —1.05% for y/s = 14 TeV and about —0.76% for y/s = 8 TeV, by and large. 



which is consistent with the SM prediction 



. In order to analyse the observability 



of Aiji expediently, we follow Refs. 19|] and introduce the statistical significance Ns- 
At the LHC with an integrated luminosity L = 5.0/6"^, the maximum value of the 
corresponding Ns for ^/s = 8 TeV and ^/s = 14 TeV can respectively reach 2.9a and 
9.3(7. From this result, we can see that the effect of the left-right asymmetry A^ji 
may be detected at the LHC. However, if the effect is not observed in the future, 
the stronger bounds can be imposed on the LHT model. 



C. The correlation of the observables in tt production 

In this section, we study the correlations between SC and 6cr/a, Ac{ti), Pt, Alr at 
the LHC with ^/s = 8 TeV and ^/s = 14 TeV, respectively, the corresponding results 
are displayed in Fig. 10. We can see that for the correlation behaviors of the four pairs 
of quantities there are obviously different between the case a/s = 8 TeV and the case 
^/s = 14 TeV. For the case ^/s = 8 TeV, we can see that the correlations between 6C 
and 6a /a, Ac{ti) are proportional to each other, respectively. Meanwhile, the correlations 
between 6C and Pt, A^^i have the similar behavior. For the case ^/s = 14 TeV, we can 
see that the behaviors of the correlations between 6C and 6a/a,Ac{ti),Pt,ALji are very 
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different. According to these correlation behaviors, we can distinguish different models 
and test the LHT model at the LHC 

IV. CONCLUSIONS 

In the framework of the LHT model, we studied the one-loop effects on the observables 
in tt production and their correlation. We found that the relative correction 6a /a can 
reach 4.5% for ^/s = 8 TeV and 2.6% for ^/s = 14 TeV. The relative correction to the 
spin correlation of top and antitop 6C can reach —14.5% for ^/s = 8 TeV and —7.5% for 
^/s = 14 TeV. These effects are significant so that they can be detected at the LHC and 
can be a probe for the new physics. The charge asymmetry Ac{tt) and the polarization 
asymmetries Pt, Am are in agreement with the measurements at the LHC although some 
of these observables have the opposite sign compared with the SM predictions. The 
forward-backward asymmetry A^^ agrees with the SM so that LHT cannot provide an 
explanation for the observed forward-backward asymmetry at the Tevatron. With the 
continuous improvement of experimental accuracy, we believed that these results will be 
tested more strictly. 
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Appendix: The explicit expressions of the renormalized vertex T^jj and the 

renormalized propagator —iT,^{p) [29] 

They can be represented in form of 1-point, 2-point and 3-point standard functions 
A, Bq, Bi,Cij. Here pt and p'^ denote the momenta of the top and antitop respectively, 
and they are assumed to be outgoing. 

(I)Renormalization vertex 
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+7''[45iP^^ + 25o + 2(m2 + - ml)^B^{~pt, mr+^Mz) - 2Pj]] (30) 
(II)Renormalization fermion propagator 
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Wml^B, + m?-^(m2^Pi + mlB, + 2m^^Po)]} (32) 
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- TOOMI 16^ 

Ah 

d 

-APdml^B, + ml^^{ml^B, + mlB, + 2m^^So)] 

-i>tPR[ml,B, + m,^ + ^2^^ ^ 2m2^5o)]} (33) 



'^^tQ^^^ ~ i'tPLml^Bi - ^tPR{Bi + m^-^Bi){-pt,mT- ,mr^)] (34) 



d d 

itBiPn + rrit-^Bi - ^tPLirit-^Bi - ^tPRBi{-pt, mT-,m^o)] (35) 



4M| cos2 ep 167r2 
{m^+^f5iPi + m^:^tBiPR + mtrn^+Bol-pt, mT+,m-^o) 

—mtm^+Bo + ml-^{rn^+Bi + m^5i + 2m^+5o) 

-|^tPL[?«^+-Bi + ml—-^{m%+Bi + m^i^i + 2m^+i?o)] 

d 

-i>tPR[ml+B^ + m?^(m|+Si + m^Si + 2m|+So)]} (36) 



-So H 7 Bo[-pt, mT+,mh) 



fv fv 

Mm ^ r ^^^f D (lufilVo 2gAv/^mr+mt ^ ^ 

Ti T^-'^i ^2 ^ Bo\ [67) 

dpi {1-xl)v^ P fv 



I p r u ^ ^ r ^^^^t D (1 - XLfm\ 2sxy/xImT+mt 

-^^^^[(1^^^^ + a^t(r3^^^ 7^ — Tv ""'^ 

-^'^^\l-x,)v-^' + 6^[(l-^^)^2^i ^5 Si ^- So]} 
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_,sAh«h( ) = _ g'\VHu)UyHu)iz ' \2UBl + -)Pl 



4 iOTT^ 



o 1 ^ ^ 

+2m?^5i - 2^iP,.(5i + - + mjg^Bi) - 2^,P^m2— m„^, M^^)] (39) 
-zS^-'^-(p) = -^^^^^^4^^-^[2^,(Pi + i)P. 

2 lOTT"^ 2 



2^1 - 2^tPi(Pi + - + ml—^B^) - 2^iPHm2— Pi(-p,, m^^, M^/^)] (40) 



+2m\^B^ - 2^tPdB^ + \ + ^l^B{) - 2]^tPRm^,-^^B,{-pt,mT+, Mz)] (41) 

+2w!l—^[xl—Bi + XLBi+AxLy/xZ- -Bo{-pt,mT-,MA„)] 

dpi f mt 

-2^tPi xi— Pi + - + m^-^ xi— Pi + x^Pi + 4^^^^- Pq 



-2^,P^[4^(Pi + 1) + + ^^5^ + 4x^yiI^^Po)]} (42) 

(III)Renormalization gluon propagator 



-iS/,i.(/i;) = -iT,^^{k) + (-i(5S^i.(A;)) 

where 
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2 . 2 



167r2 



- ^ 2 2 A;^ 

{[-^>lo + ^rriT-Bo - -k^Bi(k,mT-,mT-) + -m^- - —] 

2 2 2 2 A;^ 

+[--Ao + -m^+Bo - -k'^Bi{k, mT+,mT+) + -m^+ - — ] 

2 2 2 2 k"^ 

+ [-3^0 + -^rnl^BQ - -k^Bi{k,mu„,mu„) + -ml^ - — ] 

3-. . 3-^^,^0-3/ 



+[-Q^o + 3^L^o - -k'^Bi{k,md„,md„) + -m\^ - — ] 



2 



^T-~Q^ ~ ■^Bi{0,mT-,mT-) - ^]k'^ 



'3 

-m. 



^1 

1, 



2 OBq 2 , , -^172 

-5i(0, mT+,mT+) - -Jfc 



^3"'"5A;2 3 

7 

^3'"«9A;2 3 



. 2 2 QBq 2 , , 1 1 7 2 



-[q^^dif"^ - -5i(0, md^,md^) - -]k } 



(43) 
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